The endoplasmic reticulum (ER) forms an elaborate membranous network that functions as the major processing center for the folding and assembly of secreted and membrane proteins. Several environmental conditions can overwhelm the protein folding capacity of the ER, resulting in the accumulation of unfolded proteins. Since unfolded proteins can seed the formation of protein aggregates that are toxic to cells, their accumulation is tightly linked to the activation of stress response pathways that restore protein folding homeostasis. 1 In this special focus of Virulence we highlight recent advances in fungal biology that demonstrate the interplay between ER stress responses and virulence in four species of pathogenic fungi (two molds and two yeasts). Despite the fact that these organisms have very different lifestyles, and deploy unique species-specific virulence factors during infection, they all share the common characteristic of relying upon ER stress responses for their ability to cause disease.
In metazoans, ER stress signaling is orchestrated by at least three ER transmembrane proteins: IRE1, ATF6, and PERK. Each sensor contains an ER lumenal domain that detects unfolded proteins, together with a cytosolic effector domain that transduces a signal to the cytoplasm and/or nucleus. Together, these sensors coordinate a series of interconnected adaptive responses known as the unfolded protein response (UPR). 1 No fungal homologs of ATF6 or PERK have been identified however, 2 so the current dogma is that fungi rely on the Ire1 branch to maintain ER homeostasis. 2 The prototype of fungal Ire1 signaling was established in the model fungus Saccharomyces cerevisiae. 3, 4 Activation of yeast Ire1 occurs when its luminal domain detects unfolded proteins in the ER. This triggers a conformational change that activates an RNase domain located in the cytoplasmic portion of the protein. Once activated, the RNase removes an intron from the cytoplasmic mRNA HAC1, which shifts the reading frame to allow the translation of a bZIP transcription factor that migrates to the nucleus and coordinates transcriptional changes to augment ER protein folding (see Gardner et al. 1 for a recent review). All of the fungal pathogens discussed in this collection of reviews follow the yeast paradigm of ER stress signaling to some extent. However, intriguing variations demonstrate that each species has optimized the pathways to suit specialized needs.
When pathogenic fungi enter a host they encounter ER stress from a variety of sources. For example, the need for a constant supply of nutrients requires enzymatic digestion of host tissues. Like all eukaryotic cells specialized for secretion, the UPR helps the fungal secretory pathway meet the demand for increased secretory output. 5 Second, fungal pathogens are exposed to hypoxic microenvironments in host tissues as well as oxidative damage from the host immune system, 6 both of which are conditions that have been shown to trigger the UPR in other systems. 7 Finally, an invading fungus may encounter membrane and cell wall damage in the host, due to either naturally occurring immune defenses or antifungal drugs that are used for therapeutic intervention. [8] [9] [10] Since the repair of membrane and cell wall damage involves the secretory pathway, the UPR is likely to be involved in supporting the repair process.
The manuscript by Krishnan reviews the contribution of the UPR to the pathogenic mold Aspergillus fumigatus.
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A. fumigatus is the predominant mold pathogen of humans, responsible for causing a severe pneumonia that can progress to a disseminated infection with very high mortality. The infection is acquired by inhalation of spores, which rapidly develop into hyphae that damage human tissues through the secretion of numerous hydrolytic enzymes. The manuscript discusses how A. fumigatus exploits the UPR to counter the ER stress of the host environment. 12 The mechanism is multifactorial, involving the support of key virulence-related attributes that include growth at mammalian body temperature, growth under hypoxia, growth in an iron-limited environment, the assimilation of nutrients from the polymers in mammalian tissues, and the ability to withstand membrane and cell wall damage mediated by antifungal drugs. This supports a model in which the A. fumigatus UPR acts as a regulatory hub for the expression of multiple clinically relevant traits that act in concert to support fitness within the host. 13 Cryptococcus neoformans is an encapsulated yeast that is the causative agent of cryptococcosis, a life-threatening infection of immunocompromised patients. Although the infection is acquired by inhalation, the organism has a propensity to disseminate to the central nervous system and is the most common cause of fungal meningoencephalitis. The review by Cheon et al. summarizes the important role that the UPR plays in the virulence and antifungal drug resistance of C. neoformans. The pathway is comprised of an evolutionarily conserved Ire1 protein kinase that drives the expression of a transcription factor that is surprisingly divergent in sequence relative to other Ire1-dependent transcription factors.
14 Evidence is also presented that C. neoformans Ire1 has evolved unique functions that are independent of its downstream transcription factor. These Ire1-dependent functions include host-temperature adaptation and capsule biosynthesis, both of which are well established virulence factors for this pathogen. 15 Interestingly, a similar bifurcation in Ire1 signaling has been reported in A. fumigatus, 13 but not in S. cerevisiae, suggesting that the unique demands of pathogenic fungi may have driven the need for expanded Ire1 functions.
A different perspective on the importance of ER stress responses to C. neoformans is reviewed by Glazier and Panepinto. 16 The manuscript integrates the current understanding of the C. neoformans UPR with recent developments in post-transcriptional regulation of ER stress resolution. The authors highlight evidence that mutants that are deficient in mRNA decay are unable to downregulate ER stress mRNAs at the termination of an ER stress response, supporting a role for mRNA decay in turning off the pathway. Intriguingly, these mutants fail to adapt to host body temperature and lose virulence, indicating that an appropriate resolution of an ER stress response is perhaps as crucial for the ability of C. neoformans to cause infection as is the initial engagement of the response.
Alternaria brassicicola is unique among the fungal pathogens discussed in this special focus because it is a member of a genus of plant pathogens. A. brassicicola infects cultivated Brassica species such as broccoli, cabbage, canola, and mustard, and is associated with severe reductions in crop yield that have important economic impact. As a necrotrophic fungus, A. brassicicola acquires nutrients from plant tissue using a battery of toxins and hydrolytic enzymes to actively kill plant cells. 17 The review by Guillemette et al. addresses the importance of the UPR to this unique pathogenic lifestyle. 18 In the absence of a functional UPR, A. brassicicola loses its ability to secrete the arsenal of toxic compounds that it uses for virulence, becomes hypersensitive to plant antifungal defense compounds, and is avirulent. The necrotrophic lifestyle of this plant pathogen is thus highly dependent on UPR signaling, suggesting that plant pathogens that use similar infection strategies may also depend on support from the UPR. Candida glabrata is a human commensal yeast that is a potent opportunistic pathogen, second only to Candida albicans as a cause of candidemia. The manuscript by Miyazaki and Kohno offers an intriguing exception to the archetypal UPR pathway of S. cerevisiae. 19 Despite a close phylogenetic relationship to S. cerevisiae, C. glabrata appears to have lost the canonical Ire1-Hac1 UPR. Instead, it uses Ire1 to relieve ER stress by degrading ER-associated mRNAs and exploits other signaling pathways for the transcriptional upregulation of ER stress response genes. However, Ire1 is essential for the pathogenesis of C. glabrata, suggesting that the contribution of ER stress responses to fungal virulence is evolutionarily conserved, even though the precise mechanisms involved may differ.
In summary, the review articles in this special focus highlight the importance of the secretory pathway to fungal pathogens and reveal that ER stress responses are deeply entwined with the regulation of cellular functions that impact virulence. It is worth noting that strategies to target the regulatory mechanisms that underpin ER stress signaling are already in the development pipeline for the treatment of human secretory cancers that depend on these pathways for survival. 20 The inability of pathogenic fungi to cause disease when ER stress responses are impaired suggests that analogous approaches to disrupt these pathways could be useful additions to the antifungal armamentarium.
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